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Abstract

Olivine low-angle grain boundaries (LAGBs) influence the upper mantle properties, but the role of geometry in their
structure and chemical composition remains largely unexplored. Here, we characterise and compare three tilt LAGBs with
a 4.5° misorientation angle but different misorientation axes in a mantle xenolith. Electron backscatter diffraction (EBSD)
was used to characterise three olivine grains, containing one LAGB aligning with the (001)[100] slip system, and two
LAGBs with (010)[100] slip. Within the (010)[100] LAGBs, transmission electron microscopy (TEM) shows dislocation
cores regularly spaced at 5.8 nm. Direct dislocations imaging in the (001)[100] LAGB was hindered by lamella orienta-
tion. Atom probe tomography (APT) reveals segregation of Al, Ca, Fe, H and Ti to the LAGBs, accompanied by Mg
depletion. In the (010)[100] LAGBs, the segregated elements are concentrated in linear arrays (~5.8 nm spacing), consis-
tent with segregation to dislocations. In the (001)[100] LAGBs, although segregated elements appear evenly distributed,
2D profiles show regularly spaced features at~4.8 nm along the boundary, indicative of dislocation spacing. Interfacial
excess calculations reveal differences in elemental segregation between boundaries. The (001)[100] LAGB has greater H
segregation, while the LAGB in the seemingly smaller grain exhibits decreased Al, Ca and Fe enrichment. These findings
suggest that LAGB geometry influences elemental segregation. Because these geometries are associated with specific
mantle fabrics, the segregation patterns may influence differences in phase transitions, creep behaviour, electrical conduc-
tivity, and seismic properties in the upper mantle.

Keywords Olivine - Grain boundaries - Slip system - Dislocations - Transmission electron microscopy - Atom probe
tomography

Introduction

Olivine grain boundaries are important microstructures
largely affecting the properties of the mantle. Studies of
olivine high-angle grain boundaries (HAGBs) show that
diffusion along them is several orders of magnitude faster
than volume diffusion (Dohmen and Milke 2010; Wagner et
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Experimental studies in olivine have shown that disloca-
tion slip occurs along a limited combination of slip direc-
tions along specific planes, called slip systems (Katayama
et al. 2004; Mainprice et al. 2005; Raterron et al. 2007).
Specific slip systems are, in most cases, dominant in specific
olivine fabrics. These slip systems and associated fabrics
are shown in Table 1. Studies have also defined relation-
ships between specific dislocation slip in olivine and hydro-
gen content (Katayama et al. 2004; Jung et al. 2006; Skemer
and Hansen 2016). For example, (100)[001] slip system
(most dominant in C-type fabric) is commonly associated
with the highest hydrogen content. Conversely, (010)[100]
slip system (dominant in A-type fabric) is described as the
least hydrous.

Grain boundaries are discrete planar features that mark
the interfaces between two adjacent grains of the same min-
eral. They are associated with a change in crystallographic
orientation and, depending on their misorientation angle,
they are separated in low-angle grain boundaries (LAGBs)
and high-angle grain boundary (HAGBs), with the thresh-
old between them being different for different materials.
LAGB:s consist of systematic arrays of dislocations where
the number and density of dislocations increase with mis-
orientation angle. When the boundary can no longer be
described by this dislocation model, the interface is referred
to as a HAGB. For olivine this transition has been set at
22° of misorientation (Heinemann et al. 2005), although the
transition could be as large as 32° (Adjaoud et al. 2012).

A grain boundary is defined by five independent mac-
roscopic degrees of freedom (parameters) in orientation
space (Lloyd et al. 1997; Marquardt and Faul 2018). Three
of these parameters describe the misorientation of the crys-
tal lattice between the adjacent grains. Misorientation is the
necessary rotation to bring the two crystal frames of the
grains in coincidence. The disorientation angle describes
the misorientation with the smallest unique rotation to bring
the grains in coincidence. Two parameters describe the mis-
orientation axis (also called rotation axis), around which
the rotation happens. The other two parameters are used to
describe the grain boundary plane, by describing the axis
that is normal to the plane. It is worth mentioning here that
disorientation angle and misorientation angle, while related,
are not the same, with disorientation angle describing the
minimum rotation required, while misorientation includes

Table 1 Olivine slip systems and the fabrics they are most commonly
associated with

Slip Plane Slip Direction Olivine fabric
(010) [100] A-type
(010) [001] B-type
(001) [001] C-type
{011} [100] D-type
(001) [100] E-type
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any equivalent rotations allowed by crystal symmetry that
would bring the two crystal lattices into coincidence. Here
the term disorientation angle is used, as it corresponds to
the acquired data, but the term misorientation is used when
describing the rotation axis combined with the rotation
angle.

The study of olivine grain boundaries has been the focus
of many works, but their geometric and geochemical com-
plexity in combination with their nm-sized width have left
many of their aspects yet unexplored. Most studies of grain
boundary structures have been done on experimentally
deformed olivine using transmission electron microscopy
(TEM) and electron back-scatter diffraction microscopy
(EBSD) (e.g. Bollinger et al. 2019; Ferreira et al. 2021;
Hiraga et al. 2002; Marquardt and Faul 2018). Olivine grain
boundaries associated H in has been reported through TEM,
although these observations are indirect and fail to quan-
tify the concentration of H (Khisina and Wirth 2002; Hiraga
et al. 2004; Khisina et al. 2008). Other studies reporting H
in grain boundaries are with the use of TEM and Fourier-
transform Infrared Spectroscopy (FTIR) (Kitamura et al.
1987; Hermann et al. 2007; Sommer et al. 2008; Demouchy
2010b), but FTIR lacks the nanometre- scale resolution
required to target the grain boundaries. Moreover, these
studies have mainly focused on HAGBs, leaving a knowl-
edge gap in the structure and chemistry of LAGBs and their
effect on rock properties.

Some limitations in the study of grain boundaries have
recently been overcome through correlative EBSD crys-
tallographic analysis and Atom Probe Tomography (APT)
high spatial resolution geochemical analysis. APT enables
quantitative compositional analyses at nanometre-scale
resolution and provides 3D visualisation of the distribution
of atoms in mineral grain boundaries (Cukjati et al. 2019;
Fougerouse et al. 2019, 2021; Montalvo et al. 2019; Pia-
zolo et al. 2016; Reddy et al. 2020 and references therein).
APT analyses of olivine grain boundaries have revealed the
significance of disorientation angle and showed a positive
correlation between trace element segregation and disori-
entation angle (Tacchetto et al. 2021). Here we investigate
the relationship between minor (Fe, Ca and Al) and trace
element (Ti and H) segregation and grain boundary type
by correlating EBSD, TEM and APT for selected olivine
LAGBEs. The results allow to complete another piece of puz-
zle in the interpretation of the complex grain boundary vari-
ables providing a better understanding on the response that
nanoscale heterogeneities might have on the macroscopic
response of polycrystalline aggregates, in particular with
potential implications for upper mantle properties.
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Geological setting and sample

Sardinia and parts of Corsica belong to a micro-plate that
broke apart from southern Europe during Late Eocene-
Early Oligocene (Lustrino et al. 2004; 2007). The plate is
located between the Tyrrhenian and the Ligurian-Provencal
extensional basins (Peccerillo 2017). Two distinct volcanic
cycles are seen on the island of Sardinia. The first Oligo-
cene—Miocene volcanic cycle is orogenic and is linked to
the counterclockwise rotation of the micro-plate and the
subduction of the lonian Tethys (Carminati et al. 2010; Lus-
trino et al. 2013). The second anorogenic volcanic cycle
took place in the late Miocene-Quaternary (Lustrino et al.
2000, 2007; Rocco et al. 2012). This volcanic cycle has
been linked to the opening of the Tyrrhenian basin and the
associated mantle upwelling (Peccerillo 2017) (Fig. 1).

The sample investigated is a mantle xenolith found in
mafic alkaline lavas from the second cycle of volcanism.
Specifically, it comes from the 3.8-2.1 Ma Gerrei volcanic
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Fig. 1 Simplified map showing the lava localities of the two Ceno-
zoic volcanism cycles in Sardinia. The star denotes the lava containing
the mantle xenolith sample investigated in this work (modified from
Rocco et al. 2012)

field which consists of hawaiite and basaltic andesite-type
lavas (Peccerillo 2017; Rocco et al. 2012). The xenolith is
lherzolitic, and it is interpreted to represent mantle mate-
rial captured from an active subduction zone (Rocco et al.
2012). It is characterised by a coarse-granular texture, with
a modal composition of 59% olivine, 26% orthopyroxene,
11% clinopyroxene and 7% spinel. Its equilibrium tempera-
ture was calculated at 1000 °C and its oxygen fugacity at
0.17 (Rocco et al. 2012). Petrography, composition, geo-
chemical analyses, equilibration temperature and oxygen
fugacity of the sample indicate that the xenolith has under-
gone partial melting and subsequent re-fertilisation by alka-
line metasomatism before incorporation into the host lava
(Rocco et al. 2012).

Methods

Secondary electron (SE), backscatter electron (BSE) and
electron backscatter diffraction (EBSD) data were collected
using a Tescan CLARA field emission microscope (FE-
SEM) at the John de Laeter Centre at Curtin University,
Perth, Australia. An acceleration voltage of 20 kV and beam
current of 1nA were used for data acquisition. The EBSD
patterns were collected using an Oxford Instruments Sym-
metry detector and Aztec Synergy software (v5.1), using
a stage tilt of 70° and a working distance of 20 mm. Two
large area EBSD maps were collected at step sizes of 5 pm
and 3.5 pm to locate olivine grains with LAGBs. Olivine
electron backscatter patterns were indexed using param-
eters from Miyake et al. (1987) with lattice spacings of
a=4.76 A, b=10.22 A, and ¢=5.98 A in the space group
Pbnm. AZtecCrystal software v2.1 was used for the post-
acquisition processing of the data. Single, misindexed pixels
were removed, followed by a five-neighbour zero solution
correction. The latter assigns neighbour pixel phase and ori-
entation to non-indexed pixels, as long as at least five of
the surrounding pixels are indexed. A minor systematic mis-
indexing associated with 60° around [100] was corrected
using the pseudosymettry function of Aztec Crystal. Lastly,
a Kuwabhara filter (quadrant type with a three-pixel radius)
was applied to reduce angular noise further and improve
map quality (Humphreys et al. 2001).

Single olivine grains were defined using the previously
reported critical disorientation angle of 22° (Adjaoud et
al. 2012; Marquardt et al. 2015). LAGBs in olivine grains
were examined to identify three LAGBs with a disorienta-
tion angle of 4.5°+£0.5° and different misorientation axes.
The latter relate to the operation of different slip systems
in olivine. These LAGBs were mapped using EBSD with a
step size of at least 1% of the grain size and ranged from 1
to 3 um. Post-acquisition processing of these detailed EBSD

@ Springer



31 Page 4 of 17

Contributions to Mineralogy and Petrology (2026) 181:31

maps was identical to the post-processing of the large area
maps.

Electron-transparent foils for TEM and needle-shaped
specimens for APT were prepared from each of the three
examined LAGBs using a Tescan Lyra3 Ga" Focused Ion
Beam Scanning Electron Microscope (FIB-SEM) at the
John de Laeter Centre at Curtin University (Fig. S1). Two
site-specific TEM foils were made for each of the LAGB
following known procedures (Overwijk et al. 1993; Schaf-
fer et al. 2011). APT specimens were created using the
site-specific “button” method described by Rickard et al.
(2020). The APT specimens were mounted on Si microtip
coupons using previously established approaches (Thomp-
son et al. 2007). For both techniques, the FIB was operated
at 30 kV. In a final polishing step, the acceleration voltage
was decreased to 2 keV to minimize the amorphization layer
caused by high-energy implanted Ga+ion implantations.

The thin foils were investigated with TEM and scanning
TEM (STEM) using a FEI Talos F200i (S)TEM equipped
with an extreme brightness field emission gun (X-FEQG)
Schottky electron source and a 100 mm?, 1.28 srad Bruker
XFlash 6-100 single area EDS detector at the Department
of Material Sciences, at Imperial College, London, United
Kingdom. The microscope was operated at 200 kV, and the
spot size was varied between 4—11 to control the beam cur-
rent between STEM, SAD and TEM modes. The instrument
was used to collect bright field (BF), high-resolution (HR)
TEM and STEM micrographs as well as EDS elemental
mapping.

The APT specimens were analysed using a CAMECA
LEAP 4000X HR at the Geoscience Atom Probe Facility
(John de Laeter Centre, Curtin University). The instrument
was operated using a base temperature of 60 K, an ultravio-
let laser (A=355 nm) at 150-200 pJ pulse energy, 200 kHz
frequency and a detection rate of 0.005-0.008 ions/pulse.
The obtained data were processed and reconstructed using
the Cameca AP Suite 6 (version 6.1) software. Peaks in the
mass-to-charge ratio spectra were ranged when twice higher
than the background, and ions were assigned to them. The
peaks were ranged in a way that accommodates delayed
evaporation events related to peak tails. The H peaks at 1, 2
and 3 Da were not ranged, as they are associated with resid-
val H in the chamber. The AP Suite 6 integrated voltage-
evolution reconstruction algorithm was used to reconstruct
the 3D position of the atoms in the specimen. The recon-
struction of specimens follows the workflow by Dimitriou
et al. (2025). A detailed list of acquisition, processing and
reconstruction parameters is provided in Table S2 (Blum et
al. 2018).

Isoconcentration surfaces were generated using the
atomic concentration of Al and Ca with total isoconcen-
tration value of 0.5 at% as the lower limit to identify the
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LAGBSs and their structure. This value was chosen, as it was
sufficient to define the LAGBs across all specimens. Spu-
rious, small clusters with the same isoconcentration value
not associated with the interfaces were filtered out. The
produced isoconcentration surfaces were used as a guide to
create a 30x30x30 nm cube placed perpendicular to the
boundary surface, in a representative area of the boundary.
1D-concentration profiles for the atomic concentration of
Mg, Si, Al, Ca, Fe, Ti and H were then produced.

Quantification of segregation in LAGBs can be affected
by their reconstructed three-dimensional structure, element
specific grain boundary effective widths and the intrinsic
normalisation of atomic concentration measurements. To
overcome this, the 1D-concentration profiles were used as
an input in the code by Theska and Primig (2024) to calcu-
late the interfacial excess for each LAGB. In this approach,
the Gibbs dividing surface, an idealised boundary placed
within the grain boundaries, is calculated as the midpoint
point between the global maximum and minimum of the
concentration difference (the point of the most abrupt
increase and the point of most abrupt decrease). The interfa-
cial excess quantifies the difference of a component between
the intragranular region and the calculated dividing surface
and is expressed in number of molecules of the respective
species per unit area (nm_2) (Felfer et al. 2015).

Finally, 2D profiles were obtained using the concentra-
tion of Al. The 2D profiles were visually positioned, to the
best of our ability, perpendicular to the direction of the mis-
orientation axes, as determined by EBSD pole figures. The
2D profiles help examine in further detail the structure of
LAGBs from the APT data.

Results
Grain boundary microstructural analyses

The olivine LAGBs are geometrically characterised based
on the crystallographic orientation patterns and the geome-
try of the boundary trace to define the misorientation axes of
the slip planes and slip directions (Lloyd et al. 1997; 2021;
Reddy et al. 2007) (Fig. 2). In the case of LAGB-1, the
misorientation axis aligned with the [010] crystallographic
direction. There are no possible boundary geometries, con-
strained by the boundary trace, where the misorientation axis
is 90° to the boundary plane, indicating that LAGB-1 cannot
be a twist boundary. Instead, if LAGB-1 is a tilt boundary,
then the misorientation axis and trace of the boundary can
be used to constrain the geometry of the boundary (Fig. 2).
For LAGB-1, the slip plane is (001), and the slip direction
is parallel to the [100] axis. LAGB-2 and LAGB-3 have a
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Fig. 2 Analyses of the LAGB-1, -2 and—3 with EBSD. The first row
shows EBSD orientation maps for each grain. Each pixel is colour-
coded based on the orientation of a reference point (indicated by
the white cross). Pole figures for each LAGB are presented, and the
principle crystallographic axes are plotted. The misorientation axes

misorientation axis of [001] direction, likely generated by
dislocation slip on the (010) plane in [100] direction.

Two TEM foils per LAGB were taken perpendicular to
their respective traces. The foils confirm the boundary plane
geometries inferred from the EBSD data and are consis-
tent with the tilt boundary interpretation, based on diffrac-
tion patterns and HRTEM micrographs obtained (Fig. 3).
LAGB-1 and LAGB-2 show stepped features in their struc-
ture. LAGB-1 shows a bigger step, ca. 50 nm, consisting
of smaller individual steps ca. 6 nm each (Fig. 3a). The
step observed in LAGB-2 is 20 nm with smaller steps ca.
2.5 nm seen within it. In LAGB-2 and LAGB-3 a series
of dislocation-associated elastically strained regions of
1.5 nm radius are observed at regular intervals of 5.8 nm
and 5.9 nm respectively (Fig. 3d, f). The steep geometry
of the misorientation axis in LAGB-1 does not allow for

E-type
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L]
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001 100

010

001 100
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of 4-6° are plotted in sample coordinates in a stereographic plot and
crystal coordinates in the orthorhombic fundamental zone The final
row depicts a schematic of each grain boundary and the associated
slip system. The slip plane is shaded. The misorientation axis is shown
with dashed lines, while the slip direction is shown with the solid lines

direct observation of the dislocation cores. LAGB-3 exhib-
its irregularly spaced dislocations at intervals of approxi-
mately 165 nm (Fig. 3e, f). Lattice fringes are seen in all
three examined LAGB (Fig. 3b, d, f). In LAGB-1 the lat-
tice fringes have a periodic distance of ca. 1 nm. The lat-
tice fringes in LAGB-2 and LAGB-3 are spaced every ca.
0.6 nm. Despite the visible dislocation structure, EDS maps
do not show elemental segregation.

Structure and chemistry of LAGBs with APT

Despite the visible dislocation structure in the TEM foils,
EDS maps do not show elemental segregation, promoting
the use of APT for a detailed analysis of chemical varia-
tions. Ten APT specimens were successfully run, two for
LAGB-1, five for LAGB-2 and three for LAGB-3. Each

@ Springer
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Fig. 3 TEM images of every grain boundary. a Overview of LAGB-1,
obtained with BF-STEM, showing a 20 nm step and smaller steps,
shown in the dashed circles. b Close-up, obtained with BF-TEM, of
LAGB-1 showing lattice fringes. Also shown the indexed diffraction
pattern of the intragrain area close to the boundary. ¢ Overview of
LAGB-2, obtained with BF-STEM. Also exhibiting a step on its struc-
ture. d Close-up of LAGB-2, obtained with BF-STEM, showing lat-
tice fringes and regularly spaced dislocation cores. Also shown, the
indexed diffraction pattern of the intragrain area close to the boundary.
e Overview of LAGB-3, obtained with BF-STEM, showing irregular
dislocations in constant distances. f Close-up of LAGB-3, obtained
with BF-STEM, showing lattice fringes and dislocation cores. In the
dashed circle a close-up view of one irregularly spaced dislocation.
Also shown, the indexed diffraction pattern of the intragrain area close
to the boundary

produced 65-100 million counts. The main peaks of the
collected mass-to-charge ratio spectra are typical of forst-
erite major elements and associated ions (e.g. Mg", MgO",
Si*, Si0*, 0, 0,") together with smaller peaks for minor
(e.g. Fe*, Ca*, Al", OH") and trace elements (e.g. Ti", Mn",
PO") (Fig. 4). Both specimens from LAGB-1 successfully
captured the targeted grain boundary (Fig. 5a, b), and one
specimen each for LAGB-2 and LAGB-3 showed the grain
boundary (Fig. 5c, d respectively). The upper parts of the
two LAGB-1 APT needles show Ga implantation. These
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areas have been removed from the reconstructions to avoid
artefacts in the elemental analyses. The boundaries are dec-
orated by segregation of minor and trace elements, such as
Al Ca, Fe, H (in the form of OH") and Ti, along a plane
going through the APT specimens (Fig. 5).

The concentrations of major and minor elements in the
intragranular regions were calculated, excluding all grain
boundary areas (Table 2). These data are compared with
representative olivine compositions previously obtained by
electron microprobe analysis (EMPA) for the same sample
(Rocco et al. 2012). The APT-derived concentrations are
internally consistent across all four specimens. Magnesium
ranges between 32.89 and 34.20 at% in APT, compared to
25.2-25.31 at% from EMPA. In contrast, Fe concentrations
are lower in APT (1.19-1.29 at%) than in EMPA (3.28-3.37
at%), while Si is higher in APT (17.77-17.88 at%) com-
pared to EMPA (14.15-14.24 at%). Oxygen shows the larg-
est discrepancy, with APT values between 46.07 and 47.76
at% versus 57.14 at% from EMPA. Minor elements Ca, Mn,
and Ni show limited variation in APT (0.04, 0.06, and 0.07
at%, respectively) and are broadly comparable to EMPA
values (0.02-0.04, 0.03—0.06, and 0.09 at%, respectively).

Concentration differences between the intragranular
region and grain boundary concentrations of major elements
such as Mg and Si were examined (Fig. 6, S4). The 1D pro-
files show a slightly reduced Mg in the grain boundaries of
all specimens, compared to the intragranular region. Specif-
ically, in LAGB-1a and LAGB 1b, the Mg is reduced from
ca. 35 at% to ca. 33 at at%, in LAGB-2 from ca. 34 at% to
ca. 33 at% (albeit over a bigger distance) and, finally, in
LAGB-3 from ca. 37 at% to ca. 34 at% (Fig. 6). The Si con-
centrations are relatively similar in LAGB-1a and LAGB-
1b (ca. 17.5 at%) compared to the intragranular region, and
slightly higher in LAGB-2 and LAGB-3 (up to 18 at% from
17.5 at%) (Fig. 6).

The concentration difference of the minor and trace ele-
ments Al, Ca, Fe, H and Ti between the specimens’ intra-
granular region and the LAGBs vary depending on the
element (Fig. 6, S4). The concentrations of Al, Ca, Fe and
Ti in olivine’s intragranular region are comparable between
all specimens (ca. 0.1 at%, 0.05 at%, 1.1 at% and 0.02 at%
respectively) (Fig. 6). The concentration of Al in the grain
boundaries of LAGB-1a, LAGB-1b and LAGB-3 is simi-
lar (up to 0.6 at% from 0.1 at%) but is lower for LAGB-2
(ca. 0.4 at%) (Fig. 6). Fe shows a similar trend as Al, with
the concentration in LAGB-1a, LAGB-1b and LAGB-3 at
a maximum of 1.6 at%, up from 1.1 at%, compared to a
more subtle increase in LAGB-2 (from 1.2 at% to 1.3 at%)
(Fig. 6). The Ca concentration in LAGB-1a, LAGB-1b and
LAGB-2 increases to values of 0.25 at% from 0.05 at%.
However, LAGB-3 has a higher Ca concentration of almost
0.5 at% (Fig. 6). The concentration of Ti in LAGB-1a and
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Fig. 4 Example mass-to-charge spectra of the specimen from LAGB-2. The common peaks for olivine are present, as well as smaller peaks for

minor and trace elements

LAGB-1b shows an increase to 0.15 at%. The Ti increase
in LAGB-2 and LAGB-3 is smaller (up to 0.1 at%) (Fig. 6).
The intragranular H concentrations in LAGB-2 and LAGB-3
are similar, at approximately 0.2 at%, with a slight enrich-
ment at the grain boundary (up to ca. 0.3 at%). In contrast,
LAGB-1la and LAGB-1b exhibit higher intragranular H
concentrations (0.4 and 0.3 at%, respectively) and a more
pronounced increase at the grain boundary (reaching up to
ca. 0.55 and 0.4 at%, respectively) (Fig. 6).

The calculated interfacial excesses provide a detailed
view of elemental segregation while minimizing uncer-
tainties associated with defining grain boundary limits
(Felfer et al. 2015; Theska and Primig 2024). The interfa-
cial excesses of minor elements Al, Ca and Fe show dif-
ferent behaviour, dependent on the element (Fig. 7). Al
shows broadly similar interfacial excess values in LAGB-
la (0.50+0.00 nm?), LAGB-1b (0.62+0.04 nm?), and
LAGB-3 (0.66+0.04 nm 2), whereas LAGB-2 exhibits a dis-
tinctly lower value (0.35+0.03 nm 2). A comparable pattern
is observed for Fe, with excesses 0of 0.37+0.02 nm 2 (LAGB-
la), 0.43+£0.02 nm? (LAGB-1b), and 0.35+£0.00 nm >
(LAGB-3), and a lower value in LAGB-2 (0.21+0.01 nm 2).
Ca interfacial excess is similar in LAGB-la, LAGB-1b,
and LAGB-2 (0.27+0.04 nm 2, 0.25+0.02 nm 2, and
0.24+0.03 nm ™2, respectively). However, LAGB-3 displays
an increased excess of 0.42+0.06 nm 2.

Trace elements Ti and H have different interfacial
excess behaviour (Fig. 7). Ti exhibits consistent enrichment
across all boundaries, with interfacial excess values rang-
ing from 0.08 to 0.10+0.01 nm 2. H enrichment is most
pronounced in LAGB-1a (0.14+0.02 nm 2) and LAGB-1b
(0.14£0.07 nm2), while LAGB-2 (0.09+0.05 nm 2) and
LAGB-3 (0.04+0.03 nm2) show comparatively lower
values.

The interfacial excess of major elements Mg and Si s, also,
shown (Fig. 7). The interfacial excess of Mg in LAGB-1a

shows a depletion of 1.68+0.1 nm 2. LAGB-1b shows some
variation in Mg, with depletion reported at 2.01+0.05 nm 2.
The Mg depletion for LAGB-2 and LAGB-3 is compara-
ble (2.52+0.06 nm 2 and 2.44+0.01 nm 2 respectively).
Si shows limited variation in LAGB-la and LAGB-1b
(-0.18+0.12 nm 2 and 0.04+0.04 nm 2, respectively), con-
sidering its abundance (ca. 2.5 10° cts), while there is a
small enrichment in LAGB-2 and LAGB-3 (0.58+0.06 nm >
and 0.62+0.01 nm ™2 respectively).

Isoconcentration surfaces assist in showing the struc-
ture of the grain boundaries in conjunction with 2D profiles
(Figs. 5, 8). Specimens LAGB-1a and LAGB-1b appear
as planes (Fig. 5a, b). A distinct kinked linear feature is
observed in LAGB-1a (Fig. 5a, S5). The 2D profiles show
circular features that are regularly spaced and are 4.9 nm
apart for LAGB-1a and 4.6 nm apart for LAGB1b (Fig. 8).

Both LAGB-2 and LAGB-3 show similar features to
each other (Fig. 5c, d respectively). The grain boundaries
comprise a series of parallel lines at regular distances. One
of these lines on LAGB-2 and one on LAGB-3 are thicker.
The distances of the linear features, measured on the 2D
profiles, are 5.7 nm for LAGB-2 and 5.9 nm for LAGB-3
(Fig. 8). Furthermore, LAGB-2 shows an irregularity in the
distance of these features (Fig. 8).

Discussion
Olivine grain geochemistry

Olivine geochemistry measured by APT and EMPA shows
differences for the grains’ major elements. These discrepan-
cies largely reflect known limitations of the APT technique.
The O deficiency in olivine APT has been showcased before
(Dimitriou et al. 2025), as well as other minerals (e.g. Cap-
pelli et al. 2021). The strong discrepancies in O are, at least
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Ti Isoconcentration surface
! Al and Ca 0.5 at%

90°

100 nm

100 nm

Fig. 5 APT specimen reconstructions displaying elemental maps for regation. (a) LAGB-1a, (b) LAGB-1b, (¢) LAGB-2, (d) LAGB-3. Red
Al, Ca, Fe, H and Ti. Isoconcentration surfaces of Al and Ca at 0.5 boxes show the area, where the 1D profiles were collected from, per-
at% are used to visualise the dislocation cores of the LAGB. Enlarged pendicularly to the boundaries

views of the yellow boxes show spatial modulation in elemental seg-
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Table 2 Major element concentrations (at%) of representative olivine measured by EMPA (Rocco et al. 2012) and of olivine analysed in this study

by APT

Sample Mg Fe Si O Ca Mn Ni Sum
GF6 (1) 25.31 3.37 14.15 57.14 0.04 0.03 0.09 100.13
GF6 (2) 25.20 3.28 14.24 57.14 0.02 0.06 0.09 100.04
LAGB-1a 34.20 1.26 17.88 46.07 0.03 0.06 0.07 99.57
LAGB-1b 33.86 1.29 17.77 46.50 0.03 0.06 0.08 99.59
LAGB-2 32.89 1.19 17.81 47.76 0.04 0.06 0.07 99.82
LAGB-3 33.62 1.25 17.78 46.79 0.04 0.06 0.07 99.61

partially, responsible for the inaccuracies in the calculated
concentrations of the other major elements. Additional
errors are produced from peak overlap, e.g. around peaks
28 and 56 between Fe and Si ions. Despite these limitations,
minor element concentrations are, overall, in agreement
between APT and EMPA. This factor combined with the
consistency in the deviations across all specimens support
the validity of relative comparisons between grain boundar-
ies’ segregation behaviour.

Structural characteristics of the LAGBs

The LAGB:s for all studied specimens show no presence of
amorphous or different phases, such as melt, different min-
erals or thin films. Neither the BF-STEM images nor the
EBSD data show any evidence of different phases along the
grain boundaries (c.f. Montalvo et al. 2019). These obser-
vations are consistent with previously reported olivine
LAGB structures (e.g. Heinemann et al. 2005; Tacchetto et
al. 2021). This is further supported by the APT geochemi-
cal data that show major elements concentrations within the
typical APT-derived stoichiometry range of olivine (Saxey
et al. 2024; Dimitriou et al. 2025).

To interpret the linear features seen in the APT data, we
compared their orientation and spacing to the structural
evidence obtained from EBSD and TEM. The measured
distance between the linear features observed in the APT
reconstructions of LAGB-2 and LAGB-3 is almost identical
to the distance between the elastically strained regions in
the TEM images (Fig. 3d, 3f, 5, 8). This similarity supports
the interpretation that the parallel linear features in the APT
specimens represent dislocation arrays, similar to the obser-
vations in rutile (Verberne et al. 2022) and pyrite (Foug-
erouse et al. 2024).

For LAGB-1a and LAGB-1b, as the 2D profiles are
aligned with the EBSD derived geometry of the main crys-
tallographic axes (Fig. 8), the features observed are parallel
to the corresponding misorientation axes (Figs. 2, 8). These
geometrical relationships indicate that the features identi-
fied correspond to dislocations within the grain boundaries.
Moreover, the distance between the dislocations varies from
the LAGB-2 and LAGB-3, showcasing the dependence of
the internal structure of the grain boundaries on geometry.

Additional defects in the grain boundary structures can be
correlated between TEM images and APT reconstructions.
The irregularly placed dislocations of LAGB-3, observed in
the TEM from the elastically strained region around them,
can also be seen in the APT data of LAGB-2 and LAGB-3
(Figs. 3, 5, 8). They appear as “thicker” dislocation arrays
in the isoconcentration surfaces in the APT reconstruc-
tions. The regular repetition of these steps, every 165 nm,
as observed in the TEM, is seen in the APT reconstruction
of LAGB-3. A stepped structure similar to the one in TEM
foils of LAGB-1 also appear in the APT reconstruction of
LAGB-1a (Fig. 5a in the yellow box). All these features
are connected with elevated segregation of incompatible
elements, shown by the increased thickness of the isocon-
centration surfaces around them (Fig. 5) and the increased
density of Al (Fig. 8). This highlights the influence of addi-
tional defects in the LAGBs’ chemistry.

Element partitioning mechanism

The distribution of elements in the LAGBs provides insight
into the mechanism responsible for their segregation. Cor-
relative TEM and APT data show that incompatible elements
concentrate specifically in the dislocations in the LAGBs,
with the areas between them largely retaining the intragrain
composition. Furthermore, our TEM and APT data show
that there are few to no point defects in the intragrain area.
These indicate that incompatible elements accumulated in
dislocations that moved to the grain boundary region during
upper mantle processes.

The absence of defects in the intragrain regions, coupled
with the concentration of incompatible elements within the
LAGBES, is consistent with an equilibrium-type segregation
process. However, the confinement of solute elements to
dislocations cores, rather than being distributed across the
entire boundary plane, suggests a dominantly non-equi-
librium signature.. When considered into a broader litho-
spheric context, the rapid ascent and cooling of the xenolith
(Rocco et al. 2012) indicate a limited temperature driven
re-equilibration. The APT results collectively imply that
elemental partitioning at the grain boundary reflects a fast,
deformation-related process that was effectively “frozen in”
and has remained unmodified since formation.
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Fig. 6. 1D profiles of major, minor and trace elements Mg, Si, Al, Ca, Fe, H and Ti. The length of the profiles is 30 nm, and they are positioned
perpendicular to the LAGBs. The dashed line represents the position of the interface, as calculated by the code by Theska and Primig (2024)

specifically, the enrichment of these elements is almost
Grain size effect in element segregation in single twice in LAGB-3 compared to LAGB-2 (Fig. 7). This differ-
LAGBs ence could be related, at least partially, to the different sizes

of the two grains that the specimens were obtained from
Minor elements Al, Ca and Fe in LAGB-3 are more strongly ~ (Fig. S3). The grain that LAGB-3 was obtained from has
segregated to the grain boundary, compared to LAGB-2,  an apparent size twice that of the parent grain of LAGB-2
despite the same geometry and disorientation angle. More  (ca. 3.03 mm? versus 1.52 mm?). The apparent sizes of the
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Fig. 7 Interfacial excess plots, derived from the 1D profiles. The plots
illustrate the cumulative counts of each examined element as a func-
tion of the cumulative counts of all detected elements, calculated in
successive increments of 0.1 nm. The plots were created based on the

grains of LAGB-1 and LAGB-3 are comparable (3.39 mm?
and 3.03 mm? respectively) (Fig. S3), which could explain
the similar minor element segregation observed (with the
exception of Ca) (Fig. 7). The correlation between grain
size and grain boundary segregation has been reported in

0 1 2 3 4 5 6 7
> allcts 10°

code by Theska and Primig (2024). The dashed line represents the cal-
culated position of the interface. The shaded area displays the error
range, propagated from the uncertainties in elemental measurements
with APT. The interfacial excess for each element is also displayed

material sciences, with the effect being more pronounced
with a decrease in grain size and increased abundance of
an element (Ishida 1996; Danoix et al. 2022) despite the
generally accepted notion that bulk decrease in grain sizes
leads to increased concentration of incompatible elements
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Fig.8. 2D profiles showing the Al density in the grain boundaries. The
orientation of the 2D profiles was determined using the EBSD data

in interfaces (e.g. Hiraga et al. 2007). Our results indicate
that grain size likely contributes to the degree of elemental
segregation in olivine LAGBs, highlighting a relationship
not previously described in geological materials.

Hydrogen segregation in LAGBs

The intragrain measured H concentrations are unusually
high ranges for olivine, up to an order of magnitude higher
than those previously reported from natural and experimen-
tal studies, using FTIR (e.g. Doucet et al. 2014; Padrén-
Navarta and Hermann 2017; Zhang et al. 2025). This
discrepancy is likely a result of the analytical limitations of
APT, particularly the use of 17 Da peak to quantify H, that
is affected by overlap with the O at 16 Da, leading to over-
estimation (Fig. 4). Despite this, experimental studies have
shown that olivine can accommodate similar amounts of H,
especially at lower upper mantle depths (Bolfan-Casanova
et al. 2023). It is, therefore, unclear whether the H con-
centrations reflect genuine values, differences in sampling
scale, or analytical bias. Nevertheless, consistency across
specimens here suggest that the relative values and intra-
sample trends are robust, even if absolute values should be
interpreted with caution.

Fast H diffusivity and resulting fast dehydration of oliv-
ine grain have been shown in previous works (Demouchy
et al. 2006; Demouchy 2010a). It is not clear from our data
whether this is the case here. The concentration of H shows
small but meaningful differences through the LAGBs, espe-
cially considering the relatively small number of counts.
Additionally, the scale of this study only allows to observe
the evolution of H concentration over only a few tens of
nm compared to previously reported data over several pm.

@ Springer

Nevertheless, there is a growing body of evidence support-
ing that LAGBs experience only limited element exchange
after deformation and cooling below a certain threshold
(Cherniak and Liang 2014; Tacchetto et al. 2021), support-
ing that our observations possibly reflect a process that has
been essentially frozen.

The segregation of H in natural olivine LAGBs has
been demonstrated (Tacchetto et al. 2021). The work here
confirms these observations. All grain boundaries show
increased segregation of H. Furthermore, H segregation in
the (001)[100] LAGBEs is increased compared to (010)[100].
This observation shows a connection between boundary
geometry and segregation of H. This is, potentially, related
to different vacancies created along the grain boundaries,
due to the orthorhombic nature of olivine.

A correlation between Ti and H concentration has been
hypothesised for olivine grains and grain boundaries (e.g.
Berry et al. 2005; Tacchetto et al. 2021; Walker et al. 2007).
Our data show that, although there is increased H in the (001)
[100] grain, this is not accompanied by an equally increased
Ti content (Fig. 6). Furthermore, while segregation of Ti is
seen in all of the LAGBSs, there is no clear correlation with
H segregation in the LAGBs (Fig. S6). The insensitivity of
Ti diffusion to crystallography has been described before in
bulk olivine (Cherniak and Liang 2014). This shows that
the incorporation of H in olivine could be more complex or
dependent on other elements apart for Ti. Comparable com-
plexity in H behaviour has been reported before (Walker et
al. 2007; Demouchy and Alard 2021; Muir et al. 2022).

The role of Fe in H incorporation has been explored
before, associating increased Fe with higher H concentration
in experimentally deformed olivine (Katayama and Karato
2008). Our specimens partially reflect this observation, as
LAGB-1a and LAGB-1b show higher enrichment of Fe in
both the intragrain region and grain boundary, compared
to LAGB-2. However, it should be noted that LAGB-3 has
similar values of interfacial segregation of Fe to LAGB-1
(Fig. 7). The role of Al could, also, play a pivotal role in
H incorporation along the LAGBs, as it creates the charge
imbalance necessary. This agrees with our data, as Al fol-
lows, overall, the same trends seen in the behaviour of Fe
(Figs. 6, 7).

The differences of H concentration in different olivine
fabric types have been studied before in experimentally
deformed samples (e.g. Jung et al. 2006; Karato et al. 2008;
Katayama et al. 2004). These works support higher con-
centration of H in E-type fabric, commonly associated with
(001)[100] slip, compared to A-type fabric, where (010)
[100] slip is considered the most dominant. This is con-
firmed in our data from natural samples, with LAGB-1a and
LAGB-1b ((001)[100]) showing increased intragranular H
compared to LAGB-2 and LAGB-3 ((010)[100]) (0.3-0.4
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at% versus 0.2 at% respectively) (Fig. 6). H incorporation in
olivine grains is, hence, complicated and can be associated
with both grain boundary segregation and other defects (e.g.
point defects).

Major element differences in LAGBs

The behaviour of Mg in LAGBs can be important in under-
standing dislocation generation. Mg is the main major
element that shows depletion in the LAGBs, compared to
the relatively consistent to slightly enriched Si along the
LAGB:s. This shows that the main displacement sites for the
generation of dislocations in the crystallographic structure
are related to the Mg sites, possibly following previously
described models of defect generation related to the M1 and
M2 sites in olivine (Wright 2006; Walker et al. 2009; Muir
et al. 2020; 2021). The enrichment of Ca against Mg deple-
tion, also, supports the prevalence of M sites’ substitutions,
behaviour observed before (Hiraga et al. 2004). The deple-
tion of Mg against the increase of concentration of minor
and trace elements in the LAGBs show a potential isochem-
ical partition.

The stronger Mg depletion in (010)[100] (LAGB-2 and
LAGB-3) shows a potential link between geometry and Mg-
related dislocation generation, with (010)[100] boundaries
providing a more favourable geometry than (001)[100]. The
greater depletion of Mg in LAGB-1b compared to LAGB-
la could be due to the position of the grain boundary at the
top of the specimen and the resulting Ga penetration in the
grain boundary during FIB preparation, replacing the more
abundant species (in this case, Mg). Similar behaviour of
Ga replacement in grain boundaries has been reported for
Al-alloys, where Ga replaces Al (Unocic et al. 2010).

The Si interfacial excess varies for different boundary
types. The relatively stable Si concentration in LAGB-
la and LAGB-1b contrasts with the small enrichment in
LAGB-2 and LAGB-3. (Figs. 6, 7). Slight enrichment of
Si on olivine LAGBs can also be seen in the data of Tac-
chetto et al. (2021). These findings contrast with reports of
occasional depletion of Si in high-angle grain boundaries
relative to the intragranular region (Hiraga et al. 2002). This
indicates that the mechanism of elemental segregation on
grain boundaries may be different for LAGBs and HAGB:s.

Implications for the upper mantle

Segregation of minor and trace elements in LAGBs plays
a critical role in upper mantle processes and properties
(Tacchetto et al. 2021). The segregation of incompatible
elements, such as Al, Ca and H, observed in this work,
affects interfacial-controlled and diffusion creep (Mei and
Kohlstedt 2000; Yabe et al. 2020; Yabe and Hiraga 2020).

This, subsequently, accelerates deformation of the upper
mantle. Furthermore, the segregation of H in grain boundar-
ies can accelerate partial melting through the “wetting” of
the boundary (Levine et al. 2016). Additionally, H and Fe
segregation along grain boundaries, as observed here, can
accelerate chemical reactions, such as serpentinization, as
these elements are largely responsible for the conversion
of olivine into hydrous phases. Finally, the effect of grain
boundary diffusion of Mg on the electrical conductivity
of the mantle has been explored before with a correlation
between increased electrical conductivity and increased Mg
vacancies (ten Grotenhuis et al. 2004).

The difference in elemental segregation between the
studied slip systems could have far reaching effects on the
mantle. Deformation by grain boundary sliding has been
found to be accelerated by H in dislocations (Ohuchi et al.
2015). The different H concentration between LAGB types,
could, hence, affect deformation, leading to differences in
seismic wave attenuation. Finally, increased H in olivine
grains has been demonstrated to increase electrical con-
ductivity (Wang et al. 2006; Yoshino et al. 2009). Accord-
ingly, differing H concentration could affect the electrical
conductivity of the upper mantle. In addition, the difference
in the segregation of Mg between different LAGB geom-
etries, seen in our data, can have an effect on electrical con-
ductivity differences observed in the upper mantle, as Mg
vacancies have been related to electric conductivity (ten
Grotenhuis et al. 2004).

Conclusions

This study demonstrates that the geometry of olivine tilt
LAGB:s influences their structure and elemental segrega-
tion. LAGBs associated with (010)[100] slip system (asso-
ciated with A-type fabric) show dislocations in TEM and
APT that are~5.8 nm apart. The examined LAGB associ-
ated with (001)[100] slip system (most dominant in E-type
fabric) has dislocation cores spaced~4.8 nm apart that are
only seen with the use of 2D profiles in APT reconstruc-
tions. All LAGBs have a stepped structure, as seen in TEM
and APT data. Al, Ca, Fe, H and Ti enrichment is seen along
the LAGBSs, with the effect being more pronounced around
the steps. The (001)[100] LAGB shows increased H seg-
regation, whereas (010)[100] LAGBs show greater Mg
depletion. The grain size also plays a role in grain boundary
elemental segregation; smaller grains, showing (010)[100]
LAGBEs, are associated with decreased segregation of Al,
Ca and Fe.

These compositional variations have implications for
upper mantle processes and properties. The increased H seg-
regation connected with (001)[100] LAGBs can accelerate
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chemical reactions and phase transitions. At the same time,
stronger depletion of Mg in (010)[100] LAGBs could con-
tribute to increased electrical conductivity. Furthermore, the
increased Al and Ca in LAGBs increase mantle creep rates.
Overall, this study highlights the importance of LAGBs
in the behaviour of the upper mantle and provides insight
into how variations of their geometry influence upper
mantle properties, increasing our understanding of mantle
dynamics.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00410-0
26-02318-9.
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